Abstract. Cured thermosetting polymers are widely used as under-fill material in the microelectronic industry. Significant volume shrinkage occurs during the curing of this kind of resins, and hence residual stresses are introduced into the products. In previous shrinkage measurements on curing resins under DMA tests the thickness change of a coin shaped specimen was measured and subsequently the volumetric shrinkage was calculated by assuming that no lateral deformation occurs. However, to obtain more accurate investigation the deformed shape of the borders of the specimen must be performed. An image processing technique was developed in the laboratory to measure boundary deformation of specimens under DMA tests. The lateral shrinkage and the thickness change are measured in the image field by area measurement and by edge tracking, respectively. Delamination is a widely existed failure mode in multi-layer structures, including micro-electronic components. This failure mode may play an important/fatal role to lead to the final failure of an electronic structure or to threat reliability of an electronic component. Three-point bending test on (0,90,0) laminate was performed for calculation of inter-laminar shear strength and deformation field was also measured on the side of specimen. The applied image processing technique is based upon the so-called cross-correlation method and it was used to evaluate the deformation field using the surface texture as marker for tracking translation over the observed area.
Introduction
In the design phase, the influence of underfill applications on reliability is often judged through thermal and mechanical simulations, and under assumed operating conditions. To investigate the evolution of stress and strain fields during the curing process it is important to assume a more appropriate starting point for sub sequential process modeling. To facilitate future analysis of stress and strain fields during the curing process a process dependent constitutive relation is assumed [1] . Mechanical properties, such as (curing-) time dependent initial strains and stiffness functions are established by means of specially designed DMA measurements. The parameter identification process is actually based on one-directional measurement data. These originate from relative thickness changes (assumed to be proportional to the volumetric shrinkage) and relative torsional deformations of the coin-shaped specimen. Implicit assumptions on the deformation in radial direction are thus involved and bring a restriction to the model accuracy. The present work is done to increase the accuracy of the volumetric shrinkage measurement, thus improving input data for the simulations. Curing stress evolution in a flip chip configuration is previously investigated by implementing a cure dependent viscoelastic model into the Marc program for FEM simulation [3] . Shrinkage measurements are also carried out, measuring vertical and lateral shrinkage of a coin shaped specimen by image processing. The characterization of material parameter functions is described in references [1] , [4] .
Curing Shrinkage Measurement under DMA test
Measurement set-up. The selection of measurement procedures to obtain adequate experimental data is quite restricted as the resin is to be applied in the liquid state and remains in a more or less liquid state during a first period of time and then gradually solidifies. Applying liquid resin in the small gap between two parallel metal plates makes it possible to create a coin like resin sample without subsequent leakage at the borders. The metal plates are connected to the fixtures of a testing machine. During solidification the loading as well as the displacement or rotation can be measured.
Experimental data being used are obtained from longitudinal Dynamic Mechanical Analysis (DMA). Here the coin like sample of a selected epoxy (Synolite 423-N-1) is cured at 80°C.
Curing shrinkage measurements on thermo setting resins were performed with a measurement set-up as illustrated in Figure 1 . The testing machine is a Zwick 1474 controllable tension machine. DMA control software runs on a Control Computer, which also stores the force and the displacement during excitation and the force control period. During excitation the Control Computer triggers the signal generator that outputs the required waveform. Two controllers for the upper and the lower fixtures control the temperature. An Image Acquiring Computer, using a command file being developed under the TimWin image processor language, acquires images. Force and displacement data are also recorded besides the images. Front and back light sources are used to establish appropriate light conditions. Specially designed DMA fixtures are used in the setup. The plates are heated to the chosen curing temperature. Inductive length transducers are located on two sides of the cylinders, and output signals are summarized correcting possible misalignment. The upper fixture is moving, being mounted to the traverse of testing machine, the lower fixture is inert. A force transducer is located under the lower specimen. Light conditions are set up for adequate segmentation of objects. The sides of steel plates are painted white avoiding disturbing reflections on the steel surface.
Algorithm & Implementation. In previous shrinkage measurements on curing resin the radius of the specimen as a function of the in-thickness co-ordinate was assumed to be constant. However, lateral shrinkage also happen as Figure 2 illustrates where h 0 is the thickness, Dh is the thickness change, e is the eccentricity, A 0 is the projected shape (area) of specimen, x g is the center of gravity of A 0 . The vertical shrinkage is: 
The right picture in Figure 1 shows the image processing steps determining area and center of gravity parameters. The grabbed gray-level image is segmented by a bi-level thresholding operation. The resulting object is smoothed by morphological closing. Smaller objects (noise) can also appear in these images, therefore size filtering is used. The only remaining object is the visible projected area of the resin specimen. Then the object area and center of gravity are measured by an object shape measurement routine. Tracking the vertical movement of fixtures in shrinkage measurements requires translation detection. A small part of the gray-level image at the edge of fixture is taken as a region of interest (ROI). It is low-pass filtered by a Gaussian filter. The first derivative is calculated in vertical direction, using a rather high sigma value (3.0) to enlarge the peak. Then the vertical component of the center of gravity of the peak is determined. This value is taken as a reference. As shrinkage occurs the edges move, hence the calculated parameter decreases (at lower fixture), the difference shows vertical (sub-) pixel shift.
Shrinkage measurement results. Dynamic mechanical analysis, a harmonic (sinusoidal) excitation is used in the present experiments, followed by a force control period with F=0 condition, the excitation and control is applied periodically.
Coin shaped specimen were used in the measurements with a diameter of 25mm and a thickness of 2mm, the volume of the liquid resin that was injected between steel plates of DMA extension was 1ml. The lateral and vertical shrinkage were measured by image processing and both image processing (Ves IP) and inductive sensors (VeS Sens), respectively. Volume shrinkage is calculated by Eq. 2. using measured parameters. Measurement results are illustrated in Figure 3 . The difference in the volume shrinkage is quite significant (up to 30% to the whole shrinkage) therefore evaluation 
Deformation field of a Cross-Ply Laminate under three-point bending test
A three-point bending test was carried out by C. Liu, who investigates delamination in cross-ply laminates. In the present work the same type of specimen is used to measure the deformation field during the three-point bending test. The specimen is shown in Figure 4 . A Zwick 1474 tension machine is used, the traverse movement is measured by an inductive transducer and a HBM KWS526D bridge. Continuously increasing displacement is applied with a velocity of 0.04 mm/min. An image of the side of specimen is grabbed in every four second. Images are processed by a subroutine in Scil image processor. The whole displacement field is measured by the crosscorrelation technique over 20 images out of 97, displacement data is stored in 3D arrays (a sequence of images, where 3 rd dimension is time). The processing is shown in Figure 5 . Detecting (sub-)pixel-shift. The cross-correlation technique is widely used in image processing for tracing markers or translation in images. The global shift (translation) between images I 0 and I 1 can be written as
where x 0 , y 0 are co-ordinates of the shift vector. The cross-correlation between I 0 and I 1 is a 2D function, and the location of its maximum being related to the center of field corresponds to the shift vector. The cross-correlation coefficients on a 2D region can be written in the spatial domain:
Where (x,y) and (x,h) are spatial co-ordinates in images. The right hand side is a convolution that can be written as a multiplication in the Fourier domain due to the properties of Fourier transform:
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The tilde denotes Fourier Transform, (u,v) are spatial frequencies, asterisk denoting complex conjugate. As image field is not identical on original and shifted image, normalisation gives better result by normalising images independently, 
It appears that the right side of Eq. 7 is a plane in the phase field but as complex phase is in the range of (-p,+p), in fact it is a saw-tooth wave-front. Sub-pixel calculation may be applied here preferably if pixel shift had been corrected previously. Transforming back correlation field, we obtain a Dirac-delta function. Summarising two methods for calculating pixel shift see Table 2 . Gauss filtering spreads Dirac-delta peak over the neighbouring region, resulting into a Gaussian distributed bell shape surface. The size of Gaussian is determined by its sigma value; the higher the sigma the wider the Gaussian-bell. Reasonable sub-pixel accuracy of 0.1 pixel can be accepted by fitting or simply calculating the centre of gravity of bell.
Instead of processing the whole image, a small part can be chosen as a Region of Interest (ROI). The normalised cross-correlation is calculated. This process is illustrated in Figure 6 . Dividing images into small parts allows determining local shifts in images. Measurement results. The processed area is about 3.5 mm high (specimen thickness) and about 6.4 mm wide (about half of the specimen length). The resolution of the displacement field is 11x6, therefore the lateral resolution is about 0.6 mm with non-overlapping windows. Figure 6 shows horizontal deformation in a section plot. The cross correlation technique provides useful data without any preparation (i.e. markers) of the specimen. 
